Abstract The intrusion of magmas can induce hydrothermal convection which in turn enhances the transport of heat and solutes. We use a heat convection model to interpret the temperature evolution documented by organic matter maturation, as recorded by the vitrinite reflectance Rr, in a contact aureole of a 15 m thick basaltic sill in the Deep Sea Drilling Project (DSDP) 41-368 hole near Cape Verde Rise, eastern Atlantic. Here there is a pronounced asymmetry of variations of Rr with distance above and below the sill that cannot be explained by heat conduction alone. Neglecting the effects of possible two-phase flow and thermal pressurization from the production of fluids, convection begins to enhance the observed asymmetry for permeabilities greater than about 1 md, and the observations can be matched with permeabilities of at least several tens of millidarcies.
Introduction
Heat transferred from cooling igneous intrusions can drive hydrothermal circulation and thus enhance the transport of heat and solutes. This heat transport influences not only the contact aureole surrounding the intrusions but also the solidification history of the intrusions themselves. The maturation of organic matter in contact aureoles around intrusions can record this thermal history [Bostick and Pawlewicz, 1984; Barker et al., 1998; Stewart et al., 2005; Wang et al., 2007; Mastalerz et al., 2009; Schimmelmann et al., 2009; Vasquez et al., 2009; Aarnes et al., 2010 Aarnes et al., , 2011 Valentim et al., 2011; Cao et al., 2013] .
Heat transfer models have been extensively used to assess the thermal effects of igneous intrusions on organicrich host rocks and to relate intrusion to the petrology, geochemistry, and hydrocarbon generation potential [Bishop and Abbott, 1995; Othman et al., 2001; Jones et al., 2007; Wang et al., 2008; Santos et al., 2009; Wang et al., 2010; Wang and Song, 2012; Wang, 2013; Wang et al., 2013] . Most often, hydrothermal convection is assumed to be insignificant in low-permeability host rocks such as shale and mudstone [Galushkin, 1997; Wang et al., 2007; Fjeldskaar et al., 2008; Aarnes et al., 2010] . However, asymmetric thermal alteration zones sometime occur around sill intrusions, implying that hydrothermal convection transports heat [e.g., Galushkin, 1997; Wang et al., 2007] . Heat conduction models also suggest a greater thermal effect underneath intrusions than above in contradiction with inferences based on geothermometers [Wang et al., 2011a [Wang et al., , 2011b Wang and Song, 2012] .
Here we use two-dimensional numerical simulations of the effects of hydrothermal convection on organic matter maturation adjacent to an igneous sill to interpret measurements from a well-characterized intrusive sill. By comparing model predictions to measurements, we can reconstruct the thermal evolution of the contact aureole. We find that the observed asymmetry in maturation can be explained by reasonable values of permeability.
Geological Example
A 15 m thick basaltic sill in the Deep Sea Drilling Project (DSDP) 41-368 hole (17°30.4′N, 21°21.2′W) near the Cape Verde Rise, eastern Atlantic, is selected as a geological example. The sill horizontally intruded into shale strata (Figure 1 ) Galushkin, 1997] . Due to the shallow burial depth below the seafloor (~956 m below sea level (bsl) at present and 780 m bsl at the time of emplacement 19 Ma), the porosity of host rocks is high, approximately 0.4 [Lancelot and Seibold, 1977; Galushkin, 1997] . More detailed information about this sill and its setting is provided by Peters et al. [1983] , Galushkin [1997] , and Wang et al. [2011a, 2011b] , in particular, thermophysical properties of the sill and the host rocks [Galushkin, 1997; Wang et al., 2011a Wang et al., , 2011b , total organic carbon contents (Figure 2) [Simoneit et al., 1981] , and thermal evolution of the host rocks before intrusion of magma [Galushkin, 1997] . Peters et al. [1983] Figure 3 ) [Peters et al., 1983] . The uncertainties in the measured Rr are not provided in the original publications. Thus, we rely on other studies to infer reasonable uncertainties in the Rr measurements. According to Barker [1996] , the standard deviation (SD) of random Rr measurements increases with the increase of Rr. For a high Rr value (e.g., 3.2%), the SD is~0.30%, whereas for lower values (<2.0%), the SD is generally less than 0.2%. Thus, the uncertainty for the used Rr values can be deduced to lie in a range of ±10% of the plotted values. Such uncertainties are also consistent with those previously reported by Peters et al. [1978] : the measurement uncertainty generally lies in a range of ±0.3% and is not higher than ±0.4%.
As shown in Figure 3 , the Rr profiles of the host rocks are asymmetric relative to the center of the sill: at the same distance from sill margins, the Rr of the overlying host rocks is generally higher than that of the underlying host rocks, implying that the sill exerted stronger thermal effects on the overlying host rocks [Galushkin, 1997] . The thermal evolution of the host rocks was reconstructed by different types of one-dimensional heat transfer models [Galushkin, 1997; Wang et al., 2011a Wang et al., , 2011b ; the importance of thermal convection of pore water in the thermal evolution of the host rocks remains disputed [Galushkin, 1997; Wang et al., 2011a Wang et al., , 2011b , motivating the present study.
Methods

Modeling Heat Transfer From the Sill to the Host Rocks
Some general assumptions are required to model heat transfer from a sill to its host rocks.
1. The shape of the intrusion is regular, reasonable for most dike-or sill-like bodies [Jaeger, 1959; Turcotte and Schubert, 1982; Galushkin, 1997; Barker et al., 1998; Stewart et al., 2005; Wang et al., 2007; Santos et al., 2009] . 2. If the sill is just a few meters thick, 15 m in our example, convection in the magma can be ignored [Jaeger, 1959; Galushkin, 1997; Fu et al., 2010; Wang et al., 2011a Wang et al., , 2011b . 3. Heat removed by escaping nonwater volatiles can be neglected [e.g., Jaeger, 1959; Barker et al., 1998; Galushkin, 1997; Wang et al., 2007 Wang et al., , 2011a Wang et al., , 2011b . Since the effects of volatiles are dispersed over a region Figure 1 . The lithology log in the vicinity of the 15 m thick basaltic sill (modified from Simoneit et al. [1978] ).
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whose thickness is many times that of the igneous sheet, it is reasonable to assume that the heat conveyed by them is also dispersed over a large region and thus will make little contribution to the temperature in the contact aureole. 4. We consider an isotropic, homogeneous porous medium. Figure 1 shows that the host rocks are mainly composed of shales. Because they still have a high porosity, we assume that they are a homogeneous porous medium with flow and heat transport occurring primarily through pore space rather than fractures. Assuming that the host rocks are anisotropic and heterogeneous will significantly complicate the interpretation of model results. We thus make the same assumptions as typically done [e.g., Hanson, 1995; Norton and Hulen, 2001; Iyer et al., 2013] . 5. Thermal pressurization caused by fluid production and the transient changes in porosity occur shortly after magma emplacement [Delaney, 1982] , but because it occurs over very short time scales, it is usually neglected in models [e.g., Galushkin, 1997; Dutrow et al., 2001; Norton and Hulen, 2001] . Thus, the driving mechanism for fluid flow will be the thermal buoyancy of pore water. 6. We do not consider vapor-liquid two-phase flow [Hayba and Ingebritsen, 1997; Dutrow et al., 2001] . Even if the pressure is hydrostatic (the lowest possible value), the pressure of pore fluids in the host rocks exceeds the critical pressure (22.1 MPa) of water at the burial depth of >4 km (water depth of 3367 m and 780 m bsl emplacement depth). Thus, a vapor phase is not expected at such pressures [Jamtveit et al., 2004] .
With these assumptions we solve a set of equations for heat and mass transport. Variables used in the equations are defined in Table 1 . For the sill,
For the host rocks,
Enthalpy of mineral dehydration is much larger than that of organic cracking [Aarnes et al., 2010] . Thus, only the latent 
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heat of dehydration reactions in host rock matrix is considered in the model [Galushkin, 1997] . In this case, the source/sink term Q can be included [Galushkin, 1997] .
When the temperature of the sill falls below the solidus of the magma, H 1 in equation (1) becomes zero. Fluid flow velocity can be computed from Darcy's law,
and the continuity equation
The variation of pore water density with temperature is given by
and the thermophysical properties of the host rocks can be computed from linear averaging The specific heat of host rocks C magma 1213 J kg À1o C
À1
The specific heat of intrusive sill [Galushkin, 1997] 
The specific heat of rock matrix of host rocks C water 4200 J kg
À1°CÀ1
The specific heat of water E i The activation energy for the ith reaction f i
The weight for the ith reaction F Transformation ratio for vitrinite reflectance H 1 376 kJ/kg The latent crystallization heat of magma K host Thermal conductivity of host rocks
Thermal conductivity of the sill [Galushkin, 1997] 
Thermal conductivity of host rock matrix
Thermal conductivity of water L d 170 kJ/kg The latent heat of dehydration and decarbonation reactions of host rock matrix P Pa The pressure of pore water R The ideal gas constant t second Time
The final time of thermal evolution history t 2
The time when magma intruded into host rocks
The temperature at the time t T d2~Td1 350~650°C Temperature range of dehydration reactions of host rocks [Galushkin, 1997] 
950~1150°C Crystallization temperature range of melted magma [Galushkin, 1997] The model domain and boundary conditions are shown in Figure 4 . Because the abnormally high Rr decreases to the background level at a distance of less than one sill thickness from the sill margins [Peters et al., 1983; Galushkin, 1997] , we specify upper and lower boundaries of the model 5 times the sill thickness away from sill margins [Barker et al., 1998 ]. We also assume that two vertical boundaries are 5 times the sill thickness apart from each other. There is no inflow or outflow at these two vertical boundaries. Temperatures and pressures at the upper and lower boundaries are held constant.
The initial temperature of the host rocks (T host1 ) is computed using a seafloor temperature of 5°C, a burial depth of 780 m, and a linear geothermal gradient of 75°C/km [Galushkin, 1997; Wang et al., 2011a Wang et al., , 2011b . The burial depth and the geothermal gradient are deduced from the reconstruction of burial-thermal history by Galushkin [1997] . According the porosity-burial depth relation of shales proposed by Allen and Allen [1990] , the porosity of the host rocks when the sill intruded is approximately 0.44, slightly higher than the current porosity (~0.4). High porosity usually suggests high permeability. According to a simplified Kozeny-Carman equation describing the porosity-permeability relationship of shales [Costa, 2006; Iyer et al., 2013] , the permeability of the host rocks can be calculated to be about 30 md, with large uncertainties. Reasonable permeabilities are between 1/3 of and 3 times the computed value (i.e., 10 md ≤ k ≤ 90 md). The upper end of this range is consistent with the permeability of unconsolidated organic-rich clay (e.g., layered and unweathered clay) which is generally below 100 md [Bear, 1972] . Thus, we consider permeabilities between 1 and 100 md, spanning the inferred range. All permeabilities exceed the threshold value (0.1 md) for the occurrence of hydrothermal convection in the host rocks [Hayba and Ingebritsen, 1997] . We allow the permeability of the sill to vary with temperature: the permeability of magma is 0.0019 md and that of the solidified magma is 0.19 md [Dutrow et al., 2001] . The initial pressure of pore fluids is assumed to be hydrostatic. The thermophysical parameters of the sill and host rocks are listed in Table 1 .
If magma is assumed to intrude the host rocks instantaneously, the prediction of the heat transfer models will largely overestimate thermal effects of the sill on the host rocks [Galushkin, 1997; Wang et al., 2011a Wang et al., , 2011b . Following Galushkin [1997] , we allow the sill to intrude over a 6 h period with the center temperature increasing linearly from 100 to 1100°C in~4.56 h. 
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Model Outputs
Rr is a convenient index for evaluating organic matter maturation and can be computed based on the EASY% Ro model of Sweeney and Burnham [1990] and the thermal evolution history:
The values of f i , A, and E i can be obtained from Sweeney and Burnham [1990] . I i and F at any time during cooling of magma intrusions can be computed according to Braun and Burnham [1987] . The thermal evolution history of the host rocks during cooling of magma is obtained from the heat transfer model. The thermal evolution history of the host sediment before magma intrusion has been computed by Galushkin [1997] and is shown in Table 2 . According to this thermal evolution history, the Rr background level before magma intrusion is evaluated to be approximately equal to 0.39%. Peak temperature (T peak ) is also an important parameter for studying thermal effects of igneous intrusions [Barker et al., 1998; Ogawa and Manga, 2007] . We thus keep track of Rr and T peak in order to compare model output to corresponding measurements. Figure 5 shows the computed spatial distribution of Rr in the model domain. Above the sill, the Rr isolines are almost horizontal for permeabilities of ≤10 md (Figures 5a and 5b) , whereas the Rr varies significantly in the 
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horizontal direction for higher permeabilities (e.g., ≥30 md) (Figures 5c and 5d ). Below the sill Rr isolines are approximately horizontal in all cases. The spatial extent of the predicted abnormally high Rr (>1.0%) is generally larger above the sill than below the sill when the permeability is >1 md, as observed in the measurements. Despite a different model setup and properties, Iyer et al. [2013] similarly reported high lateral variability of Rr above the sill than below the sill when strong hydrothermal convection occurs.
Owing to the almost horizontal Rr isolines below the sill, it is straightforward to make a robust comparison between the predicted Rr and the measured values below the sill. As shown in Figure 6a , the computed Rr (here we use the horizontally averaged value) decreases and gradually approaches the measured values with increased permeability. When the permeability reaches 100 md (the maximum reasonable permeability), the predicted Rr profile matches well with the measurements. Importantly, for interpreting the measurements above the sill, we thus exclude the possibility of permeabilities smaller than several tens of millidarcies and of values we consider favor 100 md.
When the permeability is 100 md, we can compare the predicted Rr with the measured values above the sill. From Figure 3 , it can been seen that the Rr of the underlying host rocks does not decline beyond 7 m from the sill and maintains a value of~1.0%. Mature hydrocarbon assemblages produced by natural burial maturation are typically associated with source rocks with Rr values from 0.45 to 1.0% [Peters et al., 1983; Galushkin, 1997] . Thus, 1.0% approximately represents the current background level, and deposition and subsequent burial after magma intrusion has covered the thermal effect of the sill on the Rr at these locations. As the Rr decreases to~1.0% at a distance of~10 m above the sill, the Rr should be ≤1.0% at this location during cooling of magma. In addition, the measured Rr is observed to decrease to~2.0% at a distance of~5 m above the sill. Figure 5d shows that only the vertical Rr profiles in the vicinity of Lines A and B can simultaneously match these observations. Figure 6b shows that the predicted Rr profiles along both Lines A and B can match the overall measurements. However, with only one vertical profile of measurements, we cannot confirm whether either line is reasonable nor document the horizontal variability that is the hallmark of hydrothermal convection. In spite of a good match, more precisely constraining permeability is impractical because we cannot simply exclude the possibility of other permeabilities around 100 md. We can, however, at least infer that permeabilities are large enough to permit convection and that the measurements were made in a region with relatively weak upwelling.
The computed T peak is shown in Figure 7 . Similar to the spatial distribution of Rr, T peak isolines are almost horizontal below the sill, and T peak varies in the horizontal direction above the sill. Thus, the obvious lateral variability in Rr and T peak above the sill record the occurrence of hydrothermal convection. However, the lack of the measured Rr data parallel to the sill prohibits us from exploiting this features of the thermal evolution.
The Effects of Model Uncertainties
There are uncertainties in some model parameters and processes that need to be considered because if they result in overestimating, the effects of the sill on the Rr of the underlying host rocks, the estimates of the 
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10.1002/2015JB011877 permeability could be potentially biased. First, the uncertainties in some petrophysical parameters are a possible error source. A temperature of 1100°C is assumed to be the intrusion temperature of the sill based on its composition [Hanson and Barton, 1989; Galushkin, 1997] . Wang [2012] highlighted that the uncertainties in the intrusion temperature do not cause obvious deviation in the predicted Rr. Further, 1100°C is a relatively low value for basaltic sills compared to the ones used by other workers (e.g., 1150°C and 1200°C) [Santos et al., 2009; Aarnes et al., 2010] . The relatively low intrusion temperature tends to decrease the spatial extent and degree of the thermal effect of the sill on the underlying host rocks. The instantaneous intrusion mechanism has been demonstrated to largely overestimate the thermal effects of the sill and thus can be simply excluded [Galushkin, 1997] . For the finite-time intrusion mechanism, we assumed a relatively thick precooled shell (~76% of the total sill thickness) for the sill, which lowers the total heat from the sill available for the underlying host rocks. Second, we specified the host rock temperature and the background maturation before sill emplacement based on the burial-thermal history performed by Galushkin [1997] . The uncertainties in these two parameters are small compared to other model parameters. The initial Rr before magma emplacement is about 0.39%, whereas the current background Rr lies in a range of 0.45%~1.0% [Peters et al., 1983; Galushkin, 1997] . Even if we completely ignore the thermal effects of the subsequent burial (which last for about 19 Ma) after emplacement, the overestimation of the initial Rr is ≤0.06% (0.45%-0.39% = 0.06%). The initial temperature of the host rocks is computed to be equal to~65°C based on a high geothermal gradient (75°C/km). If the host rocks experienced a much lower background heat flow (30°C/km), the initial host rock temperature would become 30°C. The uncertainty is less than 35°C, even lower than the error in the intrusion temperature. In fact, the shallow sea depth together with geological evidence for magmatic activity in the area during basin development [Van der Linden, 1981; Stillman et al., 1982; Roussel and Linger, 1983] indicate a high thermal regime of oceanic lithosphere, with high past and present-day heat flow [Galushkin, 1997] . Thus, the uncertainties in all of these parameters lead to small effects on Rr and will not lead to an overestimate of the thermal effect of the sill on the underlying host rocks. It is worth emphasizing that the uncertainties in these parameters are not able to produce the asymmetric Rr profiles above and below the sill. 
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In addition to the thermal buoyancy of pore water, other potential processes driving fluid flow also include fluid production from intruded magma and host rocks and virtual fluid production from deformation. The degree of the effects of the fluid production from both the magma and host rocks on fluid pressure and fluid flow depends on porosity, permeability, and the amount of produced fluids [Hanson, 1995] . Following Jamtveit et al. [2004] , a dimensionless parameter Ve will characterize the importance of these additional sources, scaling inversely with the total burial depth (i.e., the water depth of 3367 m plus 780 m bsl emplacement depth) and the permeability [see also Ingebritsen et al., 2006] . For the 15 m thick sill, Ve is generally less than 1.0 for the pure water case (no boiling), implying that fluid pressure decays rapidly and corresponds to the situation where pressure diffusion is fast compared to the rate of pressure production, limiting significant fluid pressure buildup. Hanson [1995] similarly noted that for typical water contents of magmas (the completely melted magma) and host rocks, permeabilities of ≤1 μd are required to effectively increase pore fluid pressure and obviously influence fluid flow. This permeability threshold is much lower than the assumed values for the host rocks. Furthermore, our model specifies a finite-time intrusion for the sill and assumes a precooled solid shell (>50% of the total thickness of the sill). Thus, the fluid production from the magma is decreased compared to instantaneously intruded thick sills (100 m~10 km) [Hanson, 1995; Iyer et al., 2013] . Further, dehydration reactions of the host rocks are restricted by a regime of increasing rock temperature and to a temperature interval between T = 350~650°C [Walther and Orville, 1982; Walther and Woud, 1984; Hanson and Barton, 1989] . Figure 7 shows that for most regions near the sill, T peak is below 500°C, which means that less than half of the water in mineral assemblages is released during contact metamorphism. The narrow spatial extent available for the dehydration reactions (T peak > 350°C) and the low degree of dehydration reactions also limit the contribution of the released water by the dehydration reactions to pressure buildup and fluid flow. Although we have neglected fluid production because we expect it to be insignificant, the effects of thermal pressurization and fluid production may need to be included to compare models and measurements in other cases.
In the zones where we see effects of the sill on Rr, the host rocks are mainly composed of shales. Because of the moderate sill thickness (15 m), the difference in the initial organic maturation and the petrophysical properties above and below the sill are small and, hence, are ignored. However, the lithology log of the studied section (Figure 1) shows two thin sills, with thickness of 20~30 cm, located above the larger 15 m thick sill. Given their thickness, the total heat of a small sill only accounts for 1.3~2.0% of the larger one; thus, the effects of these two small sills were ignored in our (and others') models [e.g., Peters et al., 1978; Galushkin, 1997] . We also tested the effect of a thin sill above the larger sill on the overall maturation distribution. Results are included in Text S1 and Figures S1 and S2 in the supporting information. The simulation results show that the small sills do not influence the overall maturation distribution.
Conclusions
Based on comparing the heat convection model with measurements in the contact aureole of a 15 m thick sill intrusion, we draw the following conclusions:
1. Below the sill, the computed Rr and T peak isolines are approximately horizontal for all permeabilities.
Above the sill, for high permeabilities (e.g., ≥50 md), the computed Rr and T peak isolines will fluctuate significantly parallel to the sill. The high lateral variability in Rr above a horizontal sill could be regarded as potential evidence for assessing whether thermal convection of pore water occurred in host rocks. Although we cannot determine where the Rr measurements were made relative to the location of upwellings and downwellings, we can, however, at least infer that the measurements were made in a region with relatively weak upwelling. 2. According to measurements, the spatial extent of the abnormally high Rr is larger above the sill than below the sill. This pattern cannot be explained by heat conduction alone. Instead, thermal convection in a host rock with permeability of approximately tens of millidarcies can reproduce the observed pattern.
